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Neutron Reflection
n

U : 有効ポテンシャルU= m bN2πh2
n

mn: neutron mass
b: scattering length
N: atom number density

Fermi potential

φc(Ni)/λ=1.7 mrad/Å
v⊥(Ni)=7 m/s
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Multilayer Mirror (Monochromator)

φc(Ni)/λ=1.7 mrad/Å
v⊥(Ni)=7 m/s

exp(-k⊥2Rrms2)

non-uniformity and roughness decreases the reflectivity
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Supermirror

φc(Ni)/λ=1.7 mrad/Å
v⊥(Ni)=7 m/sm =φc/φc(Ni)=vc(Ni)/vc

exp(-k⊥2Rrms2)

non-uniformity and roughness decreases the reflectivity
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Monochromator
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Quadruple-stack Multilayer

6

30mm
30
m
m

85060 bilayers in total = 4×(10336+10929 bilayers) 

quadruple-stack of double-sided multilayer mirrors 
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Multiple-stack Multilayer
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R

T

A=1-R-T
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Rn+1 = Rn +
RT 2

n

1−RRn

Tn+1 =
TTn

1−RRn

Multiple-stack Multilayer
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30mm
30
m
m

Multiple-stack Multilayer

A=0.008
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A=0⇔T=1-R

30mm
30
m
m

Multiple-stack Multilayer
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Option A
100-1000m Vertical Flight Path
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Conceptual Scheme of Vertical Slow Neutron N-Nbar Experiment

reflection angle is well-defined

band reflector is applicable

acceptance is dominated here
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Focusing Mirror
m

acceptance

x
y

z

vn=1000m
10

00
m

4m z[
m

]

3

2πmsr

annihilation 
target 
diameter=2m

2π×0.5µsr

m=3: 2πmsr
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Focusing Mirror
m

acceptance

x
y

z

vn=1000m
10

00
m

4m z[
m

]

10

2π×10msr

annihilation 
target 
diameter=2m

2π×0.5µsr

m=10: 2π×10msr

m>3 ~100m2
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Supermirror
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First m=7 Supermirror
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m=5 (4766 bilayers)
+ m=7 (7131 bilayers)
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m=4-7 Supermirrors

17

Supermirror: commercially available up to m=7 (v⊥=50m/s)

http://www.swissneutronics.ch/

http://www.swissneutronics.ch
http://www.swissneutronics.ch
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Option B
10-100m Vertical Flight Path
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n-nbar experiment using very cold neutrons

for enlarging acceptance

multilayer neutron mirror

(Super-m)

super-m reflector
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2-
10

µe
V

thermalcoldvery coldultracold

m=1 (Ni) 0.25µeV
m=3   0.75µeV
m=5   1.25µeV
m=10   2.5µeV

m=20   5µeV
UCN

large-m

VCN

VCN+large-m

CN

acceptance

n-nbar experiment using very cold neutrons

2m

~100m2
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Supermirror Demand

~ 100m2
Option A: Focus to Vertically Remote Detector

monochromatic multilayer

Option B: Confinement of Very Cold Neutrons

supermirror ~ 100m2

Enhancement of VCN Intensity

radiation-hard supermirror 
~ 1m2
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Production Reality

23

0.1m2/batch

2 batch/day (m=3)

2–3 MUSD/unit

0.2 m2/day/unit

5 units (10MUSD)

200 day/year (~0.3MUSD) 100 m2/year 15MUSD

Ion Beam Sputter @ KUR

A Quotation of m=3 Flat Mirror
100,000 JPY/0.01m2 ~ 0.1 MUSD/m2

3 year R&D (~ 4MUSD)

100 m2 10MUSD
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Substrateless Supermirror

24

no substrate (radiation hardness expected)

DLC Supermirror?
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VdDLC =
NdDLC

Ndiamond

�
1 + 0.0031

ND

NC

�
× 303neV

DLC (Diamond-Like Carbon)

25

NTN  TECHNICAL REVIEW No.77（2009）

-88-

図1 ダイヤモンド構造（sp3結合）
Structure of diamond

ダイヤモンド 

有機ポリマー 

グラファイト 
グラッシーカーボン 
パイローカーボン 

有機ガス 

sp3

sp2

ta-C:H

ta-C

ta-C ：テトラヘドラルアモルファスカーボン 
a-C ：アモルファスカーボン 
a-C:H ：水素化アモルファスカーボン 
ta-C:H ：水素化ta-C

a-C

a-C:H

H

図4 アモルファス炭素膜の分類
Classification of amorphous carbon

図2 グラファイト構造（sp2結合）
Structure of graphite

図3 DLC膜の構造（sp3，sp2が混在）
Structure of DLC films

2. DLC膜の特徴

2.1 DLC膜とは？

DLC膜は，ダイヤモンド構造に対応するsp3結合

（図1）を有する炭素と，グラファイト構造に対応す

るsp2結合（図2）を有する炭素が不規則に混在した

アモルファス構造の膜である（図3）．DLC膜を理解

する概念図として，FerraiとRobertson4)が図4に示

すような3元相図を提案している．上の頂点がダイヤ

モンド，左下の頂点がグラファイト，右下の頂点が水

素に相当する．

グラファイト，ダイヤモンド，DLC膜などの炭素

系材料の一般物性を表1に示す．DLC膜のヤング率，

硬さおよび電気的性質はダイヤモンドと類似してお

り，熱伝導率はグラファイトに近い．DLC膜の物性

値に幅があるのは，sp3結合とsp2結合の割合および

水素含有量の違いで様々な組成や構造のDLC膜が存

在し，物性が大きく変化するためである5, 6, 7)．

sp2

sp3

表1 炭素系材料の特性比較
Comparison of characteristics of carbon material

比　重 

電気比抵抗（ ・cm） 

熱伝導率（W/cm/K） 

格子定数（nm） 

ヤング率（GPa） 

硬さ（Hv） 

酸化開始温度 

2.25

10-3

0.4～2.1

a=0.2456

c=0.6708（層間） 

…

…

400～450

3.52

1012～1016

1000～2000

a=0.3567

… 

1000～2000

10000～12000

600

1.0～3.0

109～14

0.2～30

… 
… 

100～800

1000～8000

300～500

グラファイト ダイヤモンド DLC

TNT Technical review No.77 (2009)

diamond (sp3 hybrid)

graphite (sp2 hybrid)

diamond-like carbon 
(mixture of sp2 and sp3 hybrids)

d=3.515 g/cm3

d=2.267 g/cm3

bC = 6.6535 fm

bD = 6.674 fm

Vdiamond =
2πh̄2

mn
bN = 303neV

Vgraphite =
Ngraphite

Ndiamond
× 303neV = 216neV

nuclear scattering 
length (bc=6.65fm)

number density

diamond

graphite

� 255neV d=2 g/cm3

0.84 0.34

replace H with DDLC
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VdDLC =
NdDLC

Ndiamond

�
1 + 0.0031

ND

NC

�
× 303neV

DLC Multilayer?

26

DLC(CH)
VDLC =

NDLC

Ndiamond

�
1− 1.56

NH

NC

�
× 303neV

DLC(CD)

1

1

1

1

⇒ -170neV

⇒ 300neV

Ni
ck

el

Ni/Ti

Ti
ta

ni
um

DL
C(

CD
)

DLC(CH)/DLC(CD)

DL
C(
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JCANS
Japan Collaboration on Accelerator-driven Neutron Sources (since 2011/10/20)

Hokkaido Univ., Faculty of Engineering

Kyoto Univ., Faculty of Science

RIKEN, Innovation Center

KEK, J-PARC

Tokyo

Nagoya

Osaka

Sapporo

Sendai

Fukuoka

Honshu Island

Hokkaido Island

Shikoku Island

Kyushu Island

Kyoto

electron 45MeV

proton 3.5MeV

proton 7MeV

proton 3GeV

Y.Kiyanagi, M.Furusaka

T.Nagae, Y.Iwashita

Y.Yamagata, Y.Otake, K.Hirota

(H.M.Shimizu)

for sharing R&D efforts on 
neutron production targets
neutron moderators
neutron reflectors
radiation shields
design methods
management and maintenance

for R&D, education

for education

for engineering and industrial applications

for special sources (medical use and UCN?)
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Hokkaido Univ., Faculty of Engineering

Kyoto Univ., Faculty of Science

RIKEN, Innovation Center

KEK, J-PARC

Tokyo

Nagoya

Osaka

Sapporo

Sendai

Fukuoka

Honshu Island

Hokkaido Island

Shikoku Island

Kyushu Island

Kyoto

electron 45MeV

proton 3.5MeV

proton 7MeV

proton 3GeV

Y.Kiyanagi, M.Furusaka

T.Nagae, Y.Iwashita

Y.Yamagata, Y.Otake, K.Hirota

for R&D, education

for education

for engineering and industrial applications

for special sources (medical use and UCN)

Nagoya Univ., Faculty of Science
(proton 2.8MeV?)X-ray Mirror Production

Kobayashi-Maskawa Institute
Neutron Meeting at Nagoya (Nov, Dec 2012)
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Summary

Multilayer fabrication technology was remarkably improved
in the past decade.

supermirrors m≤7

Focusing of cold neutrons in vertical flight path

Confinement of VCN
Enhancement of VCN intensity

monochromatic reflectors m≤10

Multilayer mirrors enhances the figure-of-merit of n-nbar experiments.

substrateless supermirrors m≤5

Enhancement of VCN intensity
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THE END


